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ABSTRACT
Maximizing the power conversion efficiency of solar cells plays a crucial role in upscaling solar energy production. Combining two or more
solar cells with different bandgaps into a multi-junction tandem solar cell lowers thermalization losses and increases the power conversion
efficiency. While the best efficiencies have been achieved by vertically stacking solar cells, the fabrication process is technologically demanding
and leads to high production costs. Novel photovoltaic materials such as organic photovoltaics allow solution processing, which could enable
cost effective production of lateral multijunctions, where the single subcells are aligned side by side. To fully unlock their optimal performance,
lateral tandems require careful light management, redirecting different spectral bands to the corresponding solar cell. So far, solar spectral
splitters suffered from a strong angle dependency, which caused degradation in performance at the slightest deviation from normal incidence.
In this contribution, we reduce this limitation and achieve an enhancement in the conversion efficiency across a wide range of incident angles
by inverse designing a solar spectral splitter composed of two free-form microstructured surfaces on the top and bottom of a supporting glass
substrate. Moreover, thanks to the versatility of our methodology, we can tailor the angle-dependent functionality of our device. As such, we
also design devices that are optimized to provide enhanced performance at certain oblique angles, which correspond to different times of the
day, e.g., when the unit price of energy is higher.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0266467

I. INTRODUCTION

Single-junction silicon solar cells are the current standard for
solar energy production. However, their power conversion efficiency
is limited to 29.4% by Auger recombination.1 In addition, any single-
junction device is limited in power conversion efficiency to around
33% by the detailed-balance limit for solar cells.2 This limit can be
overcome by combining solar cells with different bandgaps into a
multi-junction tandem solar cell. By using multiple subcells that
are optimized for different portions of the total spectrum, these
solar cells can absorb light across a broader range of wavelengths
and with reduced thermalization losses.3 This multi-junction tech-
nique has provided the world record efficiency of 47.6% for vertically

stacked tandem solar cells under a light concentration of 665 suns.4
However, this type of tandem solar cell has the main disadvantage
of being expensive and complicated to produce.3 The upper layer
structure (including the electrodes) has particular requirements, as
it needs to be transparent for some energies and absorbing for
others. Current research on perovskite–silicon tandem solar cells
solves some of these issues. Still, perovskite solar cells have chal-
lenges on their own, e.g., stability5 and the incorporation of toxic
materials.6

Organic photovoltaics is an emerging photovoltaic technol-
ogy approaching commercial viability as demonstrated by single
cell efficiencies around 20%7 and small module efficiencies of up
to 14.46%.8 Recently, a “rainbow” tandem solar cell has been
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demonstrated, where two organic subcells were arranged laterally.9
Lateral multi-junction architectures have the potential to be more
cost-effective to produce than those stacked vertically, as they avoid
the technological complexity of having to flawlessly deposit a mul-
titude of layers.9,10 Thus, they are likely to be more competitive
in the solar cell market.3 Furthermore, techniques such as digital
printing11,12 could allow such lateral multijunctions to be patterned
with micrometer resolution.

Lateral tandems consist of two (or possibly more) subcells
placed next to each other. However, because each subcell is opti-
mized only for a particular portion of the solar spectrum, direct
illumination by sunlight brings two key problems. First, the subcell
with the higher energy bandgap does not convert the lower energy
portion of the spectrum at all. Second, the aforementioned thermal-
ization losses continue to be an issue for the subcell with the lower
energy bandgap. As such, without a light management strategy, lat-
eral tandem solar cells cannot directly use the total solar spectrum,
resulting in a much lower power conversion efficiency than vertically
stacked ones.

To mitigate this drawback, a solar spectral splitter can be
placed above the solar cells. Such a photonic component enhances
the power conversion efficiency by redirecting different spectral
components of the sunlight to different single-junction cells accord-
ing to their absorption spectrum.13–17 Different mechanisms have
previously been considered to solve this light management prob-
lem. One often employed mechanism is an arrangement of (semi-
transparent) mirrors. This geometry exploits light trapping effects
to split the solar spectrum in the desired manner. In addition,
Ref. 18 demonstrates that light trapping with mirrors is theoreti-
cally allowed for any angle of incidence. However, the setup requires
complicated photovoltaic fabrication considerations with respect
to the geometrical arrangement. Another mechanism for spectral
splitting is holographic lenses that make use of volume holo-
graphic elements with high diffraction efficiency to steer the flow
of light.14,19 For example, Ref. 20 demonstrates a 20% enhance-
ment of energy yield over a single-bandgap device (at normal
incidence) and moderate tolerance to a change in the angle of
incidence (±11○ and ±19○ tolerances in the in-device-plane and
out-of-plane directions, respectively). Single-axis solar tracking is
still required to achieve high power conversion efficiency in these
systems.

Diffractive optical elements based on structured dielectric
surfaces can also provide high diffraction efficiency and provide
substantial design freedom for light management. Reference 20
designed a single-layer solar spectral splitter and measured 70%
splitting efficiency at normal incidence. However, the performance
of this device rapidly degraded away from normal incidence, drop-
ping to half of its peak value at a ±2○ in-plane incidence angle.
Essentially, a single-layer device always redirects a given plane wave
by approximately the same angle, irrespective of the incidence angle.
Therefore, when moving away from normal incidence, the spectrally
redirected light hits an adjacent subcell, which either cannot absorb
that wavelength at all or suffers from increased thermalization losses.
Such a misrouting quickly causes the observed degradation. In this
contribution, we aim at designing a purely photonic device that
enhances the power conversion efficiency of lateral tandem solar
cells across a wider range of incidence angles. To achieve this, we

inverse design a two-layer solar spectral splitter on top of a lateral
tandem solar cell.

The parameters of the whole setup were chosen according to
a theoretical study published recently.3 The spectral splitter enables
the device to enhance its performance over a wide range of angles.
Conceptually, one can imagine that the first mask of the device
redirects the incident light to a single-angle direction, for example,
normal incidence. Next, the second mask spectrally distributes the
light such that it can be harvested by the laterally arranged tandem
solar cell. Notice that since we only optimize for the final functional-
ity, the resulting device will not exactly incorporate this conceptual
idea.

The inverse design process utilizes topology optimization21–23

together with Fourier optics calculations and the thin element
approximation, which enable us to optimize over many wavelengths
and incident angles on a timescale of minutes. The figure of merit
(FOM) maximized during optimization is the current density under
prescribed illumination conditions. In essence, this is equivalent to
maximizing the power conversion efficiency (for a fixed cell tech-
nology). To quantify the improvement due to the splitter, we define
the relative current gain with respect to a single-junction solar cell
comprising the best of the two tandem materials.

When optimizing a device to maximize its performance at nor-
mal incidence ±1○, we achieve a relative current gain of 56.95% or
more within this range. However, a device that merely performs
at normal incidence ±1○ is only useful when mounting the device
on a motor-controlled stage to track the motion of the sun. Such
a motorized system is expensive in acquisition and maintenance
and therefore should be avoided. Instead, we focus on optimizing a
device that performs over a wide range of incident angles. Although
the maximum relative current gain is smaller, only 38.70%, a device
optimized for an angle range of ±20○ maintains a net gain over an
angular range as large as ±17○. In addition, we exploit the flexibility
of our methodology to design devices that preferentially boost the
performance at particular angles, which could correspond to times
of the day when energy prices are generally higher.

II. RESULTS AND DISCUSSION
We aim to design a solar spectral splitter with high spectral

splitting efficiency across a wide range of incident angles. When
combined with lateral tandem solar cells, this will result in a device
that provides a high power conversion efficiency over various rela-
tive positions of the sun. Figure 1 shows a schematic of our device
and a conceptual overview of the design objective. The solar spec-
tral splitter consists of two phase masks placed sequentially along
the optical path, implemented by free-form structured surfaces at
the top and bottom layers of a 200 μm long SiO2 substrate. As we
will see, having more than one phase-modulating surface is essen-
tial for achieving a wide-angle tolerance. Two tandem solar cells
are placed directly underneath the spectral splitter at a distance of
2000 μm. The solar cells are 195 μm wide with a dead zone at each
end of 2.5 μm, chosen according to a theoretical study.3 The two
subcells form a multi-junction architecture and are connected in
series. Organic semiconductor materials encompass a broad range
of optical bandgaps and energy levels. This provides us with a large
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FIG. 1. Schematic of the considered setup with the inverse designed solar spec-
tral splitter and the lateral solar cells. The blue subcell 1 absorbs at shorter
wavelengths, and the red subcell 2 absorbs at longer wavelengths.

design freedom. Here, we assume an ideal case, where the solar cells
convert wavelengths solely within their operational range, specifi-
cally 310–780 nm for the left (blue) subcell and 780–1340 nm for
the right (red) device. We assume that the solar cells do not exhibit
any back reflection. Given the definition of our objective function
(see details in Sec. IV), the ideal splitter would redirect all the short
wavelength components of the illumination to the left subcell and all
the long wavelength components to the right subcell. This function-
ality should be provided, ideally, independent of the incident angle
of the light. Note that the structure shown in Fig. 1 is one unit cell
within a spatially periodic device. Finally, we emphasize that all these
parameters are only exemplary. Although the quantitative results
depend on these parameters, our design framework applies to any
other related device.

In particular, for a given light spectrum, our goal is to maxi-
mize the average current generated by the tandem solar cells across
the target angle range. The spectrum that we consider is the typ-
ical AM 1.5 spectrum of the sun,2 weighted by a factor cos(θ) to
account for the total reduction in power due to the tilt θ of the
device away from normal incidence. We sample this spectrum at
Nλ = 100 equidistant wavelengths between 310 and 1340 nm. We
initialize the incoming field for a given incidence angle as a sum of
plane waves with amplitudes corresponding to the weighted AM 1.5
spectrum. We then simulate the propagation of this field through
the system, using Fourier optics and the thin element approxima-
tion, and record the wavelength-dependent field intensity arriving
at each subcell; see Sec. IV A. From this, we can calculate the cur-
rent generated by the tandem solar cells by integrating the radiant
flux over all wavelengths; see Sec. IV B. In the context of diffractive
optical elements, the validity of Fourier optics and the thin ele-
ment approximation was previously demonstrated by comparison to
full-wave simulations.24 To validate Fourier optics and the thin ele-
ment approximation in our specific problem setup, we similarly used
finite-element full-wave simulations, as shown in the supplementary
material. Finally, we repeat this process for the Nθ angles and cal-
culate the current averaged over the target angle range. This current

constitutes our figure of merit, which we aim to maximize by using
inverse design techniques to optimize the surface structures of the
spectral splitter.

To enable efficient optimization, our code is developed using
JAX,25 a software library that automatically differentiates native
Python and NumPy code. The differentiable formulation allows us
to compute the derivatives of the simulation results with respect to
the height profiles of the two phase masks.21,22 By performing a sin-
gle “backward” pass through the simulation code, we can obtain all
derivatives simultaneously, maintaining computational complexity
similar to that of the original function, regardless of the number of
design variables used to parameterize the phase mask.26–28 As such,
we use a gradient descent algorithm to iteratively refine the phase
masks to a design that maximizes the total current.

To motivate our research goal and emphasize the necessity
of two phase masks, let us start by presenting results for a single
phase mask and highlight the problems that arise when consider-
ing oblique angles of incidence. In particular, we optimize only the
top layer of the spectral splitter while leaving the bottom layer as a
flat interface, thus imparting no phase shift.

First, we design this structure to provide an optimal perfor-
mance at normal incidence only, without considering its perfor-
mance at any oblique angles. The resulting design is shown in
Fig. 2(a). It mostly consists of blazed-grating-like sawtooth struc-
tures reminiscent of Fresnel lenses, with different periodicities on
the left and right sides of the unit cell. The difference between the
minimal and maximal height of the structure is 3.24 μm along the
z axis. We call this quantity the maximum peak-to-valley height.
Figure 2(e) shows the performance of this design when optimiz-
ing for 15 different incident angles equidistantly spread between
−5○ and 5○. To ensure that the optimization is not overly tailored
to the optimized angles, the testing angles shown in the figure are
deliberately chosen to differ. The angles of illumination are indi-
cated by the different color schemes from yellow to red and from
aqua to blue. The blue curves illustrate the transmitted light onto
the left solar cell 1, while the red curves represent the light transmit-
ted onto the right solar cell 2. An ideal device would correspond to
a transmission plot for each subcell that looks like a step function,
regardless of the incidence angle. For the left subcell (indicated by
the blue background shading), this would correspond to 100% trans-
mission for the short wavelengths and 0% transmission for the long
wavelengths. We find that the optimized device performs very well at
normal incidence (shown by the dark blue and red curves), in agree-
ment with the results from Ref. 20. However, as we see in Fig. 2(e),
there is a rapid degradation in the performance away from normal
incidence. As we approach angles of ±2.5○, we do not observe any
splitting behavior any more. Indeed, the results further deteriorate
for angles around±5○ (shown by the aqua and orange curves), where
we see that the splitting is in fact totally inverted.

To combat this issue, we try to explicitly account for the device’s
performance away from normal incidence by encoding it into the
objective function. In particular, we calculate the current generated
for a range of different illumination angles and then consider our
objective function as the average current across this range of angles.
Such a device optimized for 50 angles in the range ±5○ is shown
in Fig. 2(b). The resulting device has a very rough, non-periodic
profile with a maximum peak-to-valley height of 4.62 μm. Unfor-
tunately, as we see in Fig. 2(f), this approach is unsuccessful for a
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FIG. 2. Comparison of different devices. The top row shows the device layout. The corresponding maximum peak-to-valley height can be found in Table 1 of the
supplementary material. The bottom row shows the performance. (a) One-sided phase mask optimized for 0○ only. (b) One-sided phase mask optimized for 50 angles
between −5○ and 5○. (c) Two-sided phase mask optimized for 0○ only. (d) Two-sided phase mask optimized for 50 angles between −5○ and 5○. (e) Performance of the
one-sided solar spectral splitter optimized at an angle of 0○ only. (f) Performance of the one-sided solar spectral splitter optimized for angles between −5○ and 5○. (g)
Performance of the two-sided solar spectral splitter optimized at an angle of 0○ only. (h) Performance of the two-sided solar spectral splitter optimized for angles between
−5○ and 5○. In [(e)–(h)], the transmission onto the left (blue and aqua curves) and right (red and orange curves) subcells is shown separately for a total of 15 incident fields
illuminating the device at equidistant angles between −5○ and 5○. These are not identical to the optimization angles.

single phase mask. The optimizer cannot find any suitable device and
instead delivers a device that has an entirely random and unhelpful
performance at any incidence angle in the range of ±5○. Indeed, we
conjecture that it may be simply impossible to achieve the desired
functionality with a single free-form-surface phase mask.

This realization motivates us to study two-layer phase masks in
the rest of this article. To motivate the second key ingredient in our
final design strategy, we present results for a two-layer phase mask
optimized only for normal incidence. The design and results are
shown in Figs. 2(c) and 2(g). The top layer design is much smoother
than the bottom one. The maximum peak-to-valley height is 2.74 μm
for the top and 4.73 μm for the bottom layer. At 0○, we observe
a distinct splitting of the different wavelengths onto the different
solar cells. It looks similar to an ideal boxcar result. However, the
results quickly become much worse for larger illumination angles, at
some point resulting in a (noisy) flat response, corresponding to a
zero splitting efficiency. At even larger angles around ±5○, the trans-
mission response is again inverted, but much less so compared to
the single-layer design. In conclusion, even when only optimized for
normal incidence, the two-layer device already performs better than
the one-layer device, both in terms of its splitting efficiency at nor-
mal incidence and in terms of its angle insensitivity. Nonetheless, it

is still not particularly robust toward different illumination angles.
This is not surprising considering we did not optimize it to be so.

Therefore, in the same way as we attempted for a single phase
mask, we can optimize a two-layer device that maximizes the current
averaged over a range of angles. Again, we consider 50 angles in a
range between ±5○. The design and results are shown in Figs. 2(d)
and 2(h). The design exhibits similar roughness on both layers.
The maximum peak-to-valley height is 8.47 μm for the upper and
6.23 μm for the lower layer. We observe the desired splitting of
the different wavelengths onto the different subcells, with consistent
behavior across the entire range of angles. The plot in Fig. 2(h) fulfills
our expectation, with maximal transmission for the blue curve in the
low wavelength range and maximal transmission for the red curve
in the longer wavelengths. Naturally, the performance is better for
those angles nearer the central optimization angle (normal incidence
in this case). However, it is encouraging to note that a substantial
increase in current over a device without a solar spectral splitter is
maintained across the entire range of angles, as we will show below.
Compared with the device optimized for one angle [Figs. 2(c) and
2(g)], this device optimized for a range of angles [Figs. 2(d) and 2(h)]
has a less boxcar-like shape at normal incidence, corresponding to
a smaller spectral splitting efficiency. However this performance is
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now consistently maintained across the entire angle range ±5○. We
calculated the total amount of misdirected light that arrives at a sub-
cell, which is not performant for that wavelength. This amount is
∼20% for normal incidence, increasing up to approximately ∼35%
for 5○. Similar information can be directly read from Fig. 2. Namely,
the red (blue) curve in the blue (red) region tells us the percentage
of field intensity that arrives at the “wrong” subcell.

Having established and motivated our design strategy, we now
investigate the robustness of this approach for even larger ranges of
incidence angles. The idea is to show how our optimization poten-
tially works for real-world applications in lateral tandem devices,
where an enhanced performance is desired over wide angle ranges
without the need for solar tracking.

Figure 3 shows the current density as a function of the angle
of incidence for a few different devices optimized to perform over
different ranges of angles, from narrow to wide. The dashed verti-
cal lines indicate the width of the angular range considered in the
optimization. The black line indicates a single-junction device made
from the tandems’ best performing material without light man-
agement. The dashed gray lines indicate the relative current gain
(or loss) compared to the single-junction reference device. Notice
that because we concentrate on demonstrating how our opti-
cal device improves a given lateral solar cell configuration, we
do not compare our device to a vertically stacked tandem solar
cell, and we do not introduce any optimizations for the single-
junction device. We also note that as long as the operating voltage
remains unchanged, current density is the appropriate metric for
comparison.

Most devices achieve a relative current gain within their opti-
mization ranges, but the gain quickly degrades outside this range.
The trade-off between a peak performance for narrow optimiza-
tion ranges vs a sustained performance across wider angles is clearly
demonstrated in Fig. 3. For a small optimization range of ±1○, the
current density at normal incidence is 50.10 A/m2, which corre-
sponds to a gain of around 57% compared to the single-junction
device. Yet, this performance immediately decays for larger inci-
dence angles. For larger optimization ranges, at normal incidence

illumination, we only achieve a current density of 44.25 A/m2, corre-
sponding to a gain of 40% over the single-junction device. However,
the decay of gain does not immediately occur. This means the more
constrained the angular range considered in the optimization, the
better the performance at the targeted angles. Similarly, the wider
the angular range in the optimization, the less pronounced the peak
performance, but the longer the performance is maintained. On
the other hand, it is encouraging to note that when increasing the
angular range from ±5○ onward, the degradation of the peak per-
formance is not well pronounced anymore, and it decreases only
marginally. That being said, we see that for the largest possible angle
range, it is not possible to see a positive relative current gain in
the entire angular domain considered for the inverse design. This
could be a hint that the constraints we impose in the optimiza-
tion are too severe. A larger number of structured interfaces might
mitigate the problem. However, this would come with a general
device complexity that is undesirable. At the same time, due to the
conservation of optical étendue, it is not possible to optimize the
spectral splitter for the full, desired spectrum of ±90○ for the set-
ting given in this contribution.29 For each wavelength separately, the
splitter can be understood as a 2D solar concentrator achieving a
concentration factor Cmax = 2 because each subcell occupies approx-
imately half of the space available. The limit for the concentration
factor is30

Cmax =
NA

sin α
, (1)

where NA is the numerical aperture of the device’s optical elements
and α is the maximum incidence angle. In our case, Cmax = 2 because
each subcell fills half of the space. Thus, we find an angle limit
α = arcsin(NA/2). If we conservatively estimate the numerical aper-
ture of the splitter to be sin(arctan[(Λ/2)/d]) ≈ 0.1, where Λ is the
period and d is the splitter-to-subcell distance, we find α = 3○ as the
limiting angle. Our devices achieve gains less than 2 for angles rang-
ing from 1○ to 20○, so it is reasonable to assume that they perform
close to or below the étendue limit.

FIG. 3. Current density as a function of the angle of inci-
dence for a set of devices optimized over different angle
ranges. The dashed colored vertical lines indicate the tar-
get angle range (i.e., the range over which the device was
optimized to perform). The black curve indicates a refer-
ence single-junction device made from the tandems’ best
performing material without light management. The dashed
gray curves indicate the relative current gain (or loss) com-
pared to the reference device (as indicated in the right-hand
side vertical axis).
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One can observe that the design in Fig. 2(d) combines fea-
tures that look like diffractive lenses with faster-varying grating-like
structures. In the 2D field profiles shown in supplementary material
Sec. 6, we observe that the first interface seems to partially focus
light onto several distinct regions of the second interface. These
regions shift with the angle of incidence. At the same time, unam-
biguous spectral splitting occurs only after the second interface, in
the region near the solar cells. It thus appears that each interface
might be specialized toward either dealing with different incidence
angles or performing the wavelength separation. This also suggests
that it might be possible to replace one of the structured lay-
ers with an array of (cylindrical) microlenses, for example, if this
would simplify fabrication. However, such an interpretation of our
device is only approximate. The field profiles show that these two
functionalities—spectral splitting and angular robustness—are par-
tially shared between the two interfaces. Thus, it is not clear that
enforcing a strict separation of tasks would provide an improve-
ment. Comparing the performance of this device to one based on
microlenses and only one free-form surface could be a topic of future
studies.

Tight fabrication tolerances can pose challenges for production,
resulting in reduced yield and increased overall cost. Robustness to
dimensional inaccuracies are an important aspect for any photonic
design. Therefore, we investigated the robustness of the splitting
performance of our device, by running additional simulation stud-
ies with perturbed geometries and materials. The studies and their
results can be found in Sec. 4 of the supplementary material. The
performance was found to be sufficiently robust within variations
that are achievable with modern fabrication technologies. All in
all, the perturbation strength without any significant performance
loss ranges from a few micrometers relative offset between the two
phase masks to tens of micrometers for thickness variations of the
glass block and hundreds of micrometers tolerance in the separation
between phase masks and solar cells. In addition, moderate varia-
tions in refractive index and in stochastic noise of the masks’ height
profiles can be tolerated. Comparable fabrication tolerances were
achieved for a similar phase mask that used a pre-compensation pro-
cedure from our previous publication.31 Beyond fabrication related
imperfections, surface damage may also arise from outdoor expo-
sure. A straightforward strategy to mitigate such damage is the
application of a protective layer with a low refractive index. If the
layer is made from a hydrophobic material, it could even allow self-
cleaning. Rainwater would remove accumulated dust, preserving
optical performance over time.

To further highlight the possible use of wide-angle tolerant
solar spectral splitters for real-world applications and the flexibil-
ity of our design method, we optimize devices that have a peak
performance at an oblique angle of incidence. Depending on the
orientation of the device, we might envisage that such angles are
suitable for devices geared to maximize the power conversion in
the morning or evening hours when the cost of energy is typ-
ically higher,32 and an increase in current production could be
especially beneficial. Furthermore, this could be useful for building
integrated photovoltaics, where modules will not necessarily have
normal incidence at peak sun illumination.

Figure 4 depicts the relative current gain for devices optimized
over an angle range of ±10○ centered at 0○, 10○, and 20○ degrees.
Note the gray shading starting at around ±20○, where the thin

FIG. 4. Optimization of solar spectral splitters with target incidence angles ±10○

centered around −20○, −10○, and normal incidence 0○. The gray color shading
starting at ±20○ toward larger angles shows the regime where the thin element
approximation becomes increasingly less reliable. The reference for the relative
current gain is a single-junction device made from the best performing material
(subcell 1, left). It is indicated in black. The dashed gray curves show the relative
current gain (or loss) compared to the reference device. The relative gain/loss is
depicted in steps of 15% starting from the reference curve.

element approximation becomes less reliable; see Sec. IV A. Each
device shows a relative current gain for its corresponding optimized
angle range. Thus, our method works for ranges of incident angles
that do not need to be centered around normal incidence. However,
a slightly higher and broader gain can be noted for the optimiza-
tion around normal incidence. This can be explained by the fact that
more slanted angles are difficult for the setup to optimize since they
need stronger rerouting by the solar spectral splitter.

III. CONCLUSION
In conclusion, we used inverse design techniques to design

wide-angle tolerant solar spectral splitters that enhance the power
conversion efficiency over a large range of solar radiation incidence
angles. In particular, we demonstrated a device that enhances the
current-generation performance for around ±17○. We expect that
this range can be pushed even further. However, we refrained from
analyzing such cases, as the thin element approximation we uti-
lized in our design method starts to become unreliable beyond ±20○.
Depending on the requirements of any given device, one can tai-
lor the width of the angle range over which an optimized device
provides a performance enhancement. We showed that the differ-
ence in peak performance between, e.g., ±5○ and ±20○ was quite
minimal, and thus, one can obtain good performance for even
very wide angle ranges. Finally, we demonstrated the flexibility of
our design method, with the ability to optimize devices that have
a peak performance at oblique angles of incidence, perhaps cor-
responding to particular times of the day when the unit energy
cost is highest. We highlighted that two phase masks are neces-
sary for enabling the wide-angle tolerance of a solar spectral splitter
for lateral tandem solar cells, combined with a design strategy that
explicitly optimizes for a range of angles rather than just normal
incidence.
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Finally, it is important to note that our goal has been to improve
the angular tolerance in the plane of the device (the x–z plane in
Fig. 1), without considering how an out-of-plane (y–z plane) ori-
entation impacts the performance. In Fig. S3 of the supplementary
material, we show that a relative current gain is maintained for out-
of-plane angles as large as ±50○. This implies that within the design
constraints of a specific application, one would choose to orient
our device to maximize coverage of the solid angle subtended by
the sun’s motion, ensuring that the device benefits from a relative
current gain over the largest portion of this 2D angular range. The
remaining variations in the solar trajectories throughout the year are
due to earth’s obliquity of its ecliptic, leading to variations of ±23.4○

throughout the year. Therefore, the designed splitter having an in-
plane angular tolerance of ±17○ is an important breakthrough for
light management in lateral tandems. For completeness, we note that
there is no concentration of light in the out-of-plane direction. Thus,
we do not expect optical étendue conservation to be a major limit-
ing factor for the out-of-plane angle tolerance, unlike in the in-plane
direction where it plays a large role.

IV. METHODS
A. Fourier optics and thin element approximation

Our solar spectral splitter is, essentially, a two-layered diffrac-
tive optical element. Powerful design methods exist to design struc-
tured interfaces that steer the incident light preferentially. These
structured interfaces can be implemented either as a directly struc-
tured material layer33 or, alternatively, as a metasurface.34,35 Scalar
diffraction methods such as Fourier optics have been successfully
utilized in the field of metasurfaces for holography36,37 and for
the design of diffractive optical elements.36,38,39 Fourier optics is a
mathematical tool describing the propagation of light in the spatial
frequency domain.40

Let us consider a monochromatic field E0(x, λ) that has the
plane wave decomposition (obtained through the Fourier trans-
form) Ẽ0(kx, λ) with kx the wavenumber and λ the wavelength. This
field, along with the structures we consider, is invariant in the out-of-
plane y-direction. The propagation of Ẽ0(kx, λ) through a medium
of refractive index n for a distance z is given by

Ẽ1(kx, λ) = Ẽ0(kx, λ) exp
⎛
⎝

iz

√
(2π

λ
n)

2
− k2

x
⎞
⎠

. (2)

The above equation allows us to propagate an optical field in a com-
putationally inexpensive, one-step manner, which is essential due
to the large distances compared to the wavelength involved in the
solar spectral splitter. The theory is described further in Chap. 4 of
Fundamentals of Photonics.40

When passing through a lens or an optical element, the inci-
dent field E0(x, λ) at position x with wavelength λ undergoes a phase
shift. Within the thin element approximation, up to an unimportant
global factor, this phase shift is given by

E1(x, λ) = E0(x, λ) exp(i
2π
λ
(n − 1)d(x)), (3)

where d(x) is the thickness of the material with refractive index
n (see Sec. 2.4 in Ref. 40 for details). The thin element approxi-
mation is valid when both the maximum thickness of the element

d0 and the angle of incidence of the light θ are sufficiently small
such that (d0/λ)θ2/2n≪ 1. With the parameters we use, our results
are robust up to angles of ±20○. We furthermore ignored reflections
at the material interfaces, but this is a fairly minor approxima-
tion because of the low refractive index of SiO2 and the absence of
very oblique angles of incidence. We verified the validity of these
approximations by comparing them with full-wave simulations
(see the supplementary material). Furthermore, the same approach
was also previously used to design optical phase masks whose opti-
cal performance was verified by experiments.31 The exact intensity
distribution of the light in 2D was also visualized. For details, see
Sec. 6 of the supplementary material.

B. Solar cell current
We aim to maximize the short circuit current Jsc,tot of the lat-

eral tandem setup over all considered wavelengths. We influence this
current by changing the E-field E(x, λ) reaching the lateral subcells
after passing through the spectral splitter. Therefore, we need to find
the theoretical description linking E(x, λ) to Jsc,tot. In the following,
we use a mathematical description, based on the explanations found
in Part 2 of Ref. 2.

The input irradiance on the top layer of the solar spectral split-
ter is given by the typical AM 1.5 spectrum of the sun,2 and we
multiply it by a factor cos(θ) to account for the reduction in power
due to the tilt θ of the device. The considered setup through which
the light propagates is shown in Fig. 1. As a reminder, the left lat-
eral subcell 1 converts light in the range from 310 to 780 nm and the
right lateral subcell 2 from 780 to 1340 nm. The black area between
the two solar cells is the “dead zone,” where no light is converted
into current. To implement this in our code, we simply multiply the
field by a boxcar function representing the region where absorption
occurs.

If we consider one wavelength, a light intensity ∣E(x, λ)∣2 arrives
on the ith solar cell. We then integrate this over the x and y dimen-
sions of the solar cell. The integration along the y direction simply
results in a constant factor as the device is invariant along this axis.
As such, the radiant flux Pi(λ) for the ith solar cell is

Pi(λ) =
cnε0

2 ∬
xi,R

xi,L

∣E(x, λ)∣2 dx dy, (4)

where xi,L and xi,R are the left and right boundaries of the ith sub-
cell, n is the refractive index, which is modeled as 1.45 for SiO2, and
ε0 is the vacuum permittivity. Next, we integrate Pi(λ) over all con-
sidered wavelengths, and we calculate the ith single-junction short
circuit current as

Jsc,i =
e

hc ∫ EQE(λ) ⋅ λ ⋅ Pi(λ) dλ, (5)

where EQE(λ) is the external quantum efficiency, e is the elementary
charge, and h is the Planck constant. EQE(λ) values of up to 90%
are typically reached for state of the art organic photovoltaic blends.
We assume a wavelength-independent absorption of each subcell in
their corresponding wavelength range. This means,

EQE(λ) =
⎧⎪⎪⎨⎪⎪⎩

0.9, λmin ≤ λ ≤ λmax

0, otherwise.
(6)
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Typically, lateral multi-junction solar cells are connected in
series. Kirchhoff’s current law thus enforces equal currents through
both solar cells, resulting in a reverse bias to the subcell with higher
Jsc,i when the tandem is short circuited, resulting in a reduced overall
current (and reduced power conversion efficiency). As a first order
approximation, this effect can be modeled as Jsc,tot = mini(Jsc,i). To
avoid the discontinuous derivative of this model, we introduce a
smooth minimum as

Jsc,tot = Jsc,1 + Jsc,2 −
1
α
⋅ log (eα⋅Jsc,1 + eα⋅Jsc,2), (7)

where we set the positive parameter α equal to 40. This equation
replicates the effect of a finite equivalent parallel conductance of the
forward biased subcell (see the supplementary material for further
details). With Eq. (7), we have obtained a differentiable expression
for the short circuit current of the full tandem. This enables us to
perform gradient based optimization to maximize Jsc,tot.

C. Simulation and optimization
Topology optimization is an inverse design strategy used in

the photonic community to find optical structures.41,42 Given a
specific desired figure of merit (FOM), the inverse design prob-
lem aims to maximize or minimize the FOM of the system while
obeying imposed constraints. The solution of the inverse design
problem leaves us with a locally optimal structure of the setup.21,23

In particular, we calculate the optical fields with Fourier optics and
the thin element approximation and then use gradient-based algo-
rithms to iterate toward an optimized device. All the gradients are
obtained with one forward and one backward (so-called “adjoint”)
pass through the simulation.22

Our simulation is written in Python. We use a one-dimensional
simulation grid along the x axis, with a width of 400 μm and 1000
sampling points. We parameterize the surface topographies of the
device in a free-form manner, with the same resolution as the simu-
lation grid itself. Therefore, the 2Nx = 2000 input parameters are the
heights of the two surfaces at the discretized points along the x axis.
We initialize the optimization cycle with two flat topographies, i.e.,
with surface heights of zero everywhere. The two solar cells have a
width of 195 μm along the x axis and a dead zone of 5 μm in-between
each cell. Notice that our simulation integrates periodic boundary
conditions along the x axis, meaning that a small bandgap device
lies between two large bandgap devices and vice versa. The thickness
of the SiO2 glass between the two optimized layers is set to 200 μm,
and the distance of air between solar cells and the phase masks is
2000 μm. See the setup in Fig. 1. Our simulation code and gradient
calculations allow us to optimize over 50 wavelengths and incident
angles between ±20○ on a timescale of minutes.

We seek an optimal phase mask profile through gradient-based
local optimization. This means we want to maximize our desired
figure of merit, namely, the total current of the setup given by
Eq. (7), while respecting the imposed constraints of our problem,
in this case, the bandgap requirements.21,22 To optimize with any
chosen optimizer, we need a method to calculate the gradients of
the fields from our simulation concerning their design variables—in
our case, the height profile of the phase mask. To accomplish this,
we use the software package JAX,25 which automatically obtains the

derivatives of native Python and NumPy code with a straightforward
interface.

We use the Adam optimizer as implemented in the Optax JAX
package43 for optimization. Adam is a variant of stochastic gradient
descent (SGD) that leverages momentum and adaptive learning rates
for each parameter, which often outperforms naive SGD in prac-
tice.44 For our optimization, we set the learning rate αt to 0.1 and
kept the other parameters as given in the standard settings of the
optimizer, such as β1 = 0.9 and β2 = 0.999.

SUPPLEMENTARY MATERIAL

The supplementary material provides detailed peak-to-valley
height data, validates our method with full-wave simulations, and
analyzes the out-of-plane angular tolerance and robustness of the
device. It also elaborates on current matching in our setup and shows
2D intensity distributions.
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